In this study, the reversible capacities, as well as the cycling behavior, of crystalline antimony-doped tin oxide (ATO) lms have been investigated. ATO lms were deposited on Cr-coated stainless steel substrates by the RF magnetron sputtering technique, with antimony-doped tin oxide (SnO2:Sb) target in a mixed oxygen/argon gas environment. The ATO lms were deposited for 1.0 h in a mixture of Ar and O2 environment with O2/Ar ratio of 10/90, at sputtering power of 75 W, 100 W and 125 W RF. ATO lms were examined by X-ray diraction (XRD), eld emission scanning electron microscopy (FESEM). The electrochemical properties of ATO anodes were studied using 2016-type coin cells assembled in an argon-lled glove box.
Introduction
The SnO 2 lm is a transparent conductive coating material and a n-type semiconductor with a wide band gap (approximately 3.7 eV) [1] and tetragonal rutile structure. The SnO 2 lm shows the best thermal and chemical stability, it is inexpensive, and it has good adhesion to most of the substrates, however it has a high resistivity. The optical band gap, resistivity, carrier type and concentration in SnO 2 lms can be easily adjusted by doping with antimony (Sb), indium (In) and/or uorine (F) [24] .
The properties of the SnO 2 lms are generally aected by preparation conditions such as deposition technique, substrate temperature, working pressure, type of substrates and the thickness of the lm [5] . The SnO 2 lms can be deposited by various techniques such as sputtering [6] , pulsed laser deposition [7] , chemical vapor deposition [8] , thermal evaporation [9] , spray pyrolysis [10] , dip coating [11] . RF magnetron sputtering is one of the most promising deposition techniques due to the advantages of low deposition temperature, simple processing, inexpensive equipment and suitability for large area deposition, whilst yielding the preferred orientation and uniform properties [12] .
The Li-ion battery industry is increasingly looking for materials with a higher capacity for lithium storage, than the currently used graphite anodes (372 mA h g −1 ) [13] , for use in the next generation of more powerful rechargeable batteries. Tin is one of the best solutions available, due to its high theoretical capacity (1494 mA h g −1 ) [14] and other technical benets. However, its practical use is hampered by a poor cyclability, which is caused by the mechanical damage of the electrodes, due to the large volume change (ca. 300%) and Li 2 O formation during * corresponding author; e-mail: ocevher@sakarya.edu.tr charging and discharging processes [1517] . Many eorts have been devoted to attempt to reduce the capacity fading.
In this work, the eect of RF power on the electrochemical characteristics of ATO as anode material was investigated.
Experimental
The ATO thin lms were deposited on silicon wafer and Cr-coated stainless steel substrates using RF magnetron sputtering. As a target was used a SnO 2 :Sb disc (SnO 2 :Sb=90:10 wt.%, purity of 99.99%) with a diameter of 50.8 and thickness of 6.35 mm. The applied RF power was 75 W, 100 W and 125 W. The crystalline structure of ATO thin lms was characterized by X-ray diraction (XRD) technique. The XRD patterns of the deposited ATO thin lms were obtained by an X-ray diractometer (Rigaku D/MAX 2000 with a multipurpose attachment) using Cu K α radiation (λ = 1.54056 Å). The grain size was calculated by Scherrer's formula [18] :
where D is the mean grain size, λ is the X-ray wavelength, B is the corrected full-width at half maximum (FWHM) and θ is the Bragg angle. The surface morphology of ATO thin lms was investigated by eld emission scanning electron microscopy (FESEM) (JSM-6335F). Cointype (CR2016) test cells were assembled in an argon-lled glove box, directly using ATO coated stainless steel substrates as the working electrode. The cells were aged for 12 h before measurements. The cells were cyclically tested on a MTI BST8-MA Battery Analyzer using dierent current densities, over a voltage range of 0.053.0 V. The charge/discharge behaviour of the cells was measured galvanostatically at a charge/discharge rate of 1 C in the 0.05 V to 3.0 V range.
FESEM micrographs of the ATO thin lms deposited on silicon wafer, using various RF power values, at oxygen partial pressure of 10%, are presented in Fig. 1a , 1b and 1c. The ATO thin lms have a relatively smooth and dense surface. Grain agglomerates are also observed. The results show that the ATO thin lms are made of nano-sized particles. The grain size increases gradually with the RF power. When the RF power is about 75 W, the average particle size is about 8.9 nm (Fig. 1a) , when RF power is increased to 125 W, the grains also increase to about 13.6 nm (Fig. 1c) . From this result, the grain size was observed to get bigger with the increase in the RF power, because the increased power had caused an increase in the energy of the Ar + ions, when they collided with the target, and then an increase in the surface mobility of the sputtered particles [12] . The crystallographic structure of ATO thin lms deposited at various RF power values at oxygen partial pressure of 10% was characterized by X-ray diraction and the results are presented in Fig. 2 . The diraction peaks indicate that tin oxide exists in cassiterite tetragonal (rutile type) structure (JCPDS card number 00-041-1445). The (110), (101) and (211) diraction peaks were observed for ATO thin lms deposited at various values of RF power, at oxygen partial pressure of 10%. The peaks become more intense and sharper with the increase in RF power. This suggests that the crystallinity of the resulting lm increases and the grain size becomes larger with increasing RF power (under the oxide region of the Shinoki model [19] , where the crystallinity was enhanced with increasing RF power) [20, 21] . Fig. 2 . X-ray diraction patterns of the ATO thin lms deposited at dierent values of RF power, at oxygen partial pressure of 10%.
The discharge-charge curves of ATO anode materials during the 50th cycle, at a constant current of 1.0 C, are shown in Fig. 3a, 3b and 3c. As shown in Fig. 3a , the discharge and charge capacities of the 1st cycle are 1423 mA h g −1 and 936 mA h g −1 , respectively, which indicates that its coulombic eciency is 65%. As shown in Fig. 3b , the discharge and charge capacities of the 1st cycle are 1472 mA h g −1 and 971 mA h g −1 , respectively, which indicates that its coulombic eciency is 65%. As shown in Fig. 3c , the discharge and charge capacities of the 1st cycle are 1493 mA h g −1 and 1007 mA h g −1 , respectively, which indicates that its coulombic eciency is 67%. There is a large irreversible capacity in the 1st cycle in all ATO anode materials, which can be attributed to formation of solid-electrolyte interface (SEI) and decomposition of electrolyte at a low voltage [22] . Figure 4 shows the curves of discharge capacity versus cycle number for ATO anode materials. As can be seen from Fig. 4 , the discharge capacities of the anode materials at RF power of 75 W, 100 W and 125 W and the at 50th cycle are approximately 165 mA h g −1 , 295 mA h g −1 and 317 mA h g −1 , respectively. During the 50th cycle, the SnO 2 :Sb anode material, deposited at RF power of 125 W, has a high discharge capacity of 317 mA h g −1 , due to crystallinity of the ATO anode, which is better than that of other the ATO anodes. substrates by RF magnetron sputtering technique in a mixture of Ar and O 2 environment with O 2 /Ar ratio of 10/90 wt.% at RF sputtering power of 75 W, 100 W and 125 W. XRD peaks become more intense and sharper with the increase in RF power. The mean grain size increases with the increase of the RF power. The best electrochemical results were obtained with ATO anode produced at RF power of 125 W (317 mA h g −1 ) in highest 50 cycles discharge capacity.
